The efficiency droop characteristics of single quantum well (SQW) InGaN/GaN light-emitting diodes (LEDs) including the phase-space filling (PSF) effect are predicted by a three-dimensional (3-D) numerical simulation. The carrier transport is based on the solution of the 3-D non-linear Poisson and drift-diffusion equations for both holes and electrons. A modified formulation of the Shockley-Reed-Hall (SRH) coefficient is proposed to describe the SRH carrier lifetime behavior, which increases at a low excitation level and decreases at a higher one. The current crowding causes a non-uniform distribution of the carrier concentration in the active layer that leads to the inversion of the local internal quantum efficiency (IQE) under the n-pad region when the injection current density increases from low to high levels. To further understand the correlation of the efficiency droop with the PSF effect, we systematically investigate carrier transport in the SQW InGaN/GaN LEDs and how the different PSF effect coefficients affect the current-voltage curve and IQE. The lumped IQE found in this study agrees well with previous experimental measurements. Moreover, the PSF effect has a strong impact on the IQE behavior including its peak and droop in efficiency.
Introduction
LEDs have found numerous applications in visual displays and sensing devices, as well as for illumination and general lighting and communication technology. Their advantages include their small size, long lifetime, high efficiency and low energy consumption. The high-power GaN-based LEDs are considered to hold great promise for development as a new lighting source to replace traditional lighting devices. However, some challenges remain to be overcome. One of the most significant problems for InGaN/GaN-based LEDs is the efficiency droop at higher injected carrier densities, which causes a reduction in the internal quantum efficiency (IQE) [1] , [2] . The efficiency droop has been explained as due to internal non-radiative loss and electron leakage. The internal non-radiative losses include Auger recombination [3] , reduced active volume effects [4] and carrier delocalization [5] , [6] . Some studies have shown that Auger recombination could be the major contributor to the droop in the IQE [7] - [9] . The occurrence of electron leakage outside the active region could be caused by various mechanisms such as the quantum confined Stark effect (QCSE) resulting in polarization sheet charges at the electron blocking layer (EBL)/spacer and quantum well (QW)/ quantum barrier (QB) interfaces [1] , poor hole injection [10] , [11] , asymmetry in the electron and hole active doping concentrations and in the carrier transport parameters [12] , current crowding [13] , electron overflow [14] , defect-assisted tunneling [15] or radiative recombination saturation [16] . Up to now, though, the actual reason for the efficiency droop has not yet been conclusively determined.
The efficiency droop in LEDs is often described by the ABC model [4] , [9] , [17] - [20] . In this model, the recombination process is described by means of An + Bnp + Cn 2 p, where A, B, and C are constants, and n and p indicate the electron and hole density, respectively, and the terms An, Bnp and Cn 2 p represent the Shockley-Read-Hall recombination (SRH), radiative and Auger recombination, respectively. The hole and electron densities are assumed to be equal in the ABC model. The variation of the ABC coefficients with the carrier density and the physical insight of the carrier leakage are hidden in the ABC model fitting procedure.
One potential explanation for the efficiency droop in InGaN/GaN LEDs is the PSF effect [21] , [22] , which represents the influence of the Fermi-Dirac carrier statistics on the recombination processes [23] , [24] . It can be used to explain the reduction of the radiative recombination that leads to the efficiency droop at high carrier densities [17] . The PSF effect also has a strong impact on the peak IQE and the efficiency droop in the LEDs. A strong PSF effect can be found in c-plane LEDs, while a weaker PSF effect can be discovered in semi-polar/non-polar LEDs [17] . A modified ABC model [18] is proposed where B and C are not considered to be constants but the PSF effect is included. In SRH recombination, the An term in the ABC model is considered to have a weak effect on the efficiency droop because it makes only a first order of magnitude contribution to the total recombination processes. Recently, non-radiative SRH recombination has also been found to produce non-radiative recombination centers in QWs that show a super-linear increase in the density [22] thereby dominating the total recombination process [25] under higher injected carrier rates. This can also be explained as due to the electrons occupying the higher energy states having a much higher probability of being captured by non-radiative SRH recombination. SRH recombination has a strong effect on the peak efficiency and the efficiency droop in InGaN/GaN LEDs. These ideas have recently been confirmed by numerical simulation and experimental measurements [26] . Wang et al. [22] used the self-consistent solution of the Schrödinger-Poisson equations to estimate the extended carrier SRH coefficient A (k t ) as a function of the in-plane wave vector k t arising from the PSF effect. Thus, the PSF effect should be considered in the SRH recombination coefficient, also known as the inversion of the SRH carrier lifetime. Several studies have shown that the SRH carrier lifetime varies with the carrier density in the InGaN/GaN MQW LEDs [18] , [19] , InGaN/GaN double-heterostructure LEDs [23] and GaAs/Al 0.3 Ga 0.7 As heterojunctions [27] . Based on the ABC model, the SRH carrier lifetime decreases with an increase of the carrier density [23] . However, some studies have shown the opposite tendency [28] , [29] . Okur et al. [28] measured the internal quantum efficiencies (IQE) and carrier lifetimes of semi-polar InGaN/GaN LEDs using temperature-dependent, carrier-density-dependent, and time-resolved photoluminescence. Their results showed the SRH carrier lifetime to be lowest at low excitation levels, increasing as the excitation level rises due to the saturation of non-radiative centers. The same tendency was also obtained by Walker et al. [29] for double hetero-structures composed of III-V semiconductors which were measured by a power-dependent relative photoluminescence method. Langer et al. [30] studied the carrier lifetimes of single GaInN/GaN QW structures by time-resolved photoluminescence spectroscopy. In contrast to the common treatment of the SRH carrier lifetime, their results show that the SRH carrier lifetime increases at a low excitation level and decreases at a higher one. They calculated the non-radiative lifetimes based on the background carrier density [31] , [32] . However, they did not take into account the reduction of the SRH carrier lifetime at high injection levels.
It has been identified in both theoretical and experimental work that the Auger recombination, a three-particle electron-electron-hole (eeh) or hole-hole-electron (hhe) carrier-carrier interaction, causes an efficiency droop in InGaN/GaN LEDs [3] , [23] , [33] . In contrast, it is the leakage of electrons that are not captured by the QWs into the EBL or p-doped LED layers, carrier leakage by thermionic emission, that causes the efficiency droop in the InGaN/GaN LEDs [1] , [10] - [16] . The efficiency droop is strongly dependent on the device design and relates to many factors such as the QCSE, poor hole injection, asymmetry of the electron and hole doping profiles, current crowding, defect-assisted tunneling and radiative recombination saturation [1] , [10] - [16] rather than being caused by a single mechanism. Although Auger recombination and electron leakage are different physical processes, they actually interact together. Theoretical calculations [34] and experimental evidence [8] , [9] confirm that the occurrence of Auger recombination will assist electron leakage, also known as direct carrier leakage. Auger recombination generates hot carriers that can be recaptured by the QWs or facilitate electron leakage outside the QWs, as has been found to occur in GaInAsP/InP double-heterostructure LEDs and lasers [35] , InGaN/GaN QW(s) blue LEDs [7] and SQW blue LEDs [36] .
Current crowding has been identified as one reason for the efficiency droop [13] , because it enhances the local carrier densities, leading to an increase in electron leakage. A two-dimensional (2D) model for solving the drift-diffusion and Poisson equations [13] has been developed which does explain the occurrence of current crowding and development of radiative recombination regions. However, the current density distribution inside an LED chip is actually three-dimensional (3D), therefore, a 3D simulation is needed to provide deeper information about the current density distribution and the distribution of local carrier densities inside the LED chip, to obtain a better understanding of their influence on the IQE behavior. In this study, we use the 3D non-linear Poisson and drift-diffusion equations to calculate the carrier transport. The 3D drift-diffusion and Poisson equations are solved based on Fermi-Dirac statistics to clarify the local behavior of the carrier densities and the radiative and non-radiative recombination. From the Shockley-Read-Hall recombination theory [31] , [32] , a modified formula is proposed for the SRH lifetime which takes into account the influence of the PSF which depends on the carrier density in the active layer. In this formula, the SRH recombination lifetime increases with the carrier density at low injection levels and decreases at higher injection levels. All recombination processes are considered, with both electron and hole densities. The PSF effect is included in all recombination processes. The influence of the non-uniform current distribution in the chip on the carrier density deviation in the active region leads to the change in radiative and non-radiative recombination. The variation of the local IQE with the injected carrier density is investigated to identify the droop behavior. The lumped IQE in the active region is calculated and compared with previous experimental results obtained using an actual blue light InGaN/GaN SWQ LED [37] .
Physical Modelling and Numerical Method
A schematic diagram of the vertical structure of a c-plane InGaN/GaN SQW LED as investigated by Galler et al. [37] , [38] which is also used in the present study is shown in Fig. 1 . The LED chip area is 300-μm × 300-μm and the area of the active layer is 212-μm × 212-μm. The thicknesses of the p-pad, p-GaN, Al 0.1 Ga 0.9 N EBL, active region, n-GaN and n-pad layer are 1 μm, 3.5 μm, 0.003 μm, 0.0023 μm, 5 μm and 1 μm, respectively. The active region includes a 3-nm-thick In 0.19 Ga 0.81 N SQW sandwiched between two 10-nm-thick GaN barrier layers. The thickness and In composition of the QW layer correspond to the peak emission wavelength of around 450 nm. The doping concentrations of the p-GaN, n-GaN and EBL layer are set to 2 × 10 19 cm −3 , 6 × 10 17 cm −3 and 2 × 10 19 cm −3 , respectively [7] . The QW layer and barrier layers are un-doped. The radius of the circular shape formed by the n-type electrode on the surface of the n-GaN is 40 μm [38] . A p-type electrode is placed between the conductive carrier and the p-GaN and covers the entire bottom surface area of the p-GaN. The conductive carrier and sapphire substrate layers added to the chip are there to ensure de-heating and mechanical stability of the LED device and do not affect the electrical characteristics of the LED chip. Therefore, they are not considered in this study. The nonlinear 3D non-linear Poisson and drift-diffusion equations based on the Fermi-Dirac distribution are
where V is the band potential; ε is the material dielectric permittivity; n and p are the carrier concentrations of the electrons and holes, respectively; N are the activated doping densities of the acceptor and the donor; J n and J p are the electron and hole current densities; and μ n and μ p are the mobility of electrons and holes, respectively. Here, R sr h , R rad , R A uger and R lk are the SRH recombination, radiative recombination, Auger recombination and the total carrier leakage rate, respectively. The total carrier leakage rate includes the direct carrier leakage assisted by Auger recombination and the carrier leakage generated by thermionic emission. The rate recombination of electrons and holes is assumed to be equal in this study. Polarization causes deformation of the quantum wells accompanied by an electrostatic field known as QCSE. Due to the thin thicknesses of the active layer, the barrier layers and the EBL, the polarization leads to a sheet charge density between these interfaces. The polarization charge does not appear in the Poisson equation because of the existence of dipoles. The electric displacement field D at the interface boundary is affected by the condition (D 1 − D 2) ·n = σ p [39] .
The recombination rate R SR H is given by the following equation [13] :
where T is the lattice temperature; k B is the Boltzmann's constant; E t is the mid-gap energy level; and E i and n i represent the intrinsic energy level and intrinsic carrier density, respectively. The SRH recombination coefficients for holes and electrons are τ p and τ n , respectively. An increase of the SRH carrier lifetime in the Au-doped silicon power device is used to verify the SRH model [40] . The SRH carrier lifetime is given by [30] - [32] , [40] 
where τ p 0,n0 indicates the carrier lifetime at very low injected carrier densities; N 0 is the background electron density. A similar tendency is found in InGaN/GaN QWs in the regime between the low and high injection levels [30] . At a higher injection level, a reduction of the SRH carrier lifetime is observed [30] . The SRH carrier lifetime calculated by equation (6) is saturated at a higher injection level. Hence, it cannot be used to predict the decrease at a higher injection level. Moreover, the SRH carrier lifetime decreases with the carrier density due to the PSF effect in InGaN/GaN QW [22] . Therefore, the empirical formulation for the SRH carrier lifetime that includes PSF effect can be modified as follows:
where n 0 is the PSF effect coefficient; γ is a dimensionless exponent which can be determined from experimental IQE measurements. The PSF effect coefficient is in the range of 1 × 10 17 cm
to 1 × 10 20 cm −3 [17] , [19] , [41] . In this study, the PSF coefficient is varied from 5 × 10 18 cm
to 5 × 10 19 cm −3 . The terms τ n0 /(1 + (n/n 0 )) and τ p 0 /(1 + (p /n 0 )) indicate the carrier lifetimes with the PSF effect for electrons and holes, respectively. At a low injection level, n/n 0 << 1 and p /n 0 << 1 and therefore the effect of PSF is minimum. The PSF effect becomes significant when the carrier density is close to the PSF effect coefficient. By including these terms in the formula for the SRH carrier lifetime, equation (7) is able to handle the decrease of the SRH carrier lifetime with the carrier density at higher injection levels. The background doping density of the quantum well is assumed to be due to the electron presence. The SRH carrier lifetime is very sensitive to lattice and structural defects and impurities in the material, which are related to the crystal growth process [42] . The derivation of the SRH rate is based on the following assumptions: a negligible impurity concentration; a non-degenerate semiconductor; a single defect level at a stable energy position; and a much larger reemission time than the relaxation time for captured carriers [43] . However, it should be noted that the impurity concentration can increase the SRH recombination rate in InGaN/GaN MQWs [44] . This means that an increase in the impurity concentration leads to a reduction of the SRH carrier lifetime. Therefore, the term γ is included in equation (7) to overcome the uncertainty arising from structural defects and material impurities. The background electron density is selected to be 1 × 10 17 cm −3 , and γ = 0.4 is chosen to match the experimental IQE characteristics. From the experimental measurements, it is found that the carrier lifetime at very low injected carrier densities varies from 1 × 10 −6 s to 5 × 10 −9 s [3], [4] , [33] , [45] , [46] . This is usually extracted by the ABC model in the LEDs with the assumption that the electron carrier lifetime is equal to the hole carrier lifetime. However, the carrier lifetimes of electrons and holes should be different due to the difference in the capture rate for electrons and holes at the recombination center [47] . The electron carrier lifetime is usually found to be larger than the hole carrier lifetime with the ratio of the electron carrier lifetime to the hole carrier one being 1 to 3 [40] , [47] , [48] . The value of parameter τ p 0 = 0.1 × 10 −7 s was found in a MQW LED that has a 3-nm-thick In 0.19 Ga 0.81 N [49] . This value of parameter τ p 0 is selected in this study because the material used for the active layer is the same. The value of parameter τ n0 is selected to be 0.15 × 10 −7 s to match the experimental IQE characteristics.
The radiative recombination rate [50] can be formulated as follows:
where B is the radiative coefficient. During the radiative recombination process, an electron-hole pair recombines together and then emits a photon. The empirical formulation for the radiative coefficient based on electron density proposed by David et al. [23] is:
This formula only corrects for when electron and hole densities are assumed to be equal. In this study, the electron and hole densities are not the same because of the differences in their carrier transport levels, which are decided based on the different doping profiles of p-and n-GaN and the mobility of the electrons and holes. Therefore, considering the different electron and hole densities, equation (9) is reformulated as follows:
where B 0 is the low-density limit of the coefficient. The value of B is in the range of 1 × 10 −11 to 1.5 × 10 −9 cm 3 ·s −1 [51] , [52] . The value of parameter B 0 can be selected to be 3.01 × 10 −10 cm 3 ·s −1 . The Auger recombination rate [7] can be formulated as follows:
where C n,p indicates the Auger coefficients for holes and electrons. The empirical formulation for the Auger coefficient as proposed by David et al. [23] is
where C 0 is the low-density limit of the coefficient. The value of C n, p is in the range of 1.4 cm 6 /s 10 −30 cm 6 /s -3.0 × 10 −31 cm 6 /s [41] , [45] . The value of parameter C n0, p 0 is selected to be 2.2 × 10 −30 cm 6 ·s −1 in this study. Since the LED structures in this study have high p-doping profiles, the main current leakage is generated by hot-carriers from the Auger process, known as direct carrier leakage, which occurs in the active layer for both electrons and holes due to the transfer of energy to a third carrier during the Auger recombination process. The Auger carrier leakage model proposed by Römer et al. [34] is used here. The direct carrier leakage rate can be described by
and
for electrons and holes, respectively. The Auger carrier leakage coefficients can be formulated as C lk,n,p = l 2 C n,p . l is assumed to be equal to the well thickness, without regard to units [34] . The other carrier leakages by thermionic emission, R th lk,n,p , are the electron and hole leakages which overflow out of the active layer into the p and n-GaN layers, respectively. However, hole leakage is neglected in this study due to the low hole mobility and high p-doping profile. The electron leakage rate can be calculated from the recombination rate outside the active layer. The local IQE is defined as the percentage of the radiative recombination rate over the total recombination rate as follows:
The radiative and non-radiative recombination current can be obtained by integrating the distributions of the radiative and non-radiative recombination rate over the entire SQW active layer. The lumped IQE is the percentage of the total radiative recombination current over the total injection current as defined by
where I r is the total radiative recombination current; and I total is the total injection current. The Poisson and drift-diffusion equations are solved using the Finite Element Method (FEM) developed by COMSOL Multiphysics. Pentahedral (square pyramidal) elements are selected for each layer of the entire chip. Convergence testing of the entire LED chip is performed using different numbers of elements: 154096, 331412, and 503902. The simulation results for the band potential, electron concentration and hole concentration for 331412 are almost the same as for 503902. To save on computational memory and computation time, the number of finite elements is chosen to be 331412 for the entire LED chip. The relative tolerance is 1 × 10 −5 for the band potential, electron, and hole density variables.
Results
There are several mechanisms which might affect the PSF effect such as the quantum-confined Stark effect (QCSE), carrier lifetime, carrier transport, band structure and lattice temperature [17] , [19] . The PSF effect is found to occur in the c-plane LED due to the higher carrier density (n 0 = 1 × 10 18 cm −3 ) [17] . Weak PSF effects of n 0 = 1 × 10 20 cm −3 and n 0 = 2.4 × 10 19 cm −3 are also found in c-plane LEDs [41] , [53] , where n 0 is not so precisely known. For c-plane LEDs, the PSF coefficient varies from 1 × 10 17 cm −3 to 1 × 10 20 cm −3 [17] , [19] , [41] . To understand the influence of the PSF effect in c-plane LEDs, in this study, n 0 is selected to be from 5 × 10 18 cm −3
to 5 × 10 19 cm −3 . The current crowding effect is another important mechanism in real LED devices. In the present 3D simulation, current crowding can be clearly observed at high current injection rates. The average injection current density is defined as the ratio between the injection current and the cross-sectional area of the active layer. Fig. 2 shows the electron current density at the center of the LED chip on the y-z plane and current density vector for the entire chip at an injection current density of 200 A/cm 2 . The electron current density distribution is not uniform throughout the y-z plane. There is severe current crowding in the region under the n-pad. This will generate a non-uniform distribution in the carrier density which in turn results in non-uniformity of the local IQE. In addition, the intense photon emission from the active region under the n-pad absorbed by the n-pad causes a significant droop in the light extraction efficiency (LEE) [54] . The maximum electron current density occurs near the edge of the n-pad due to the singularity of the electric field at the metal-semiconductor interface [13] , [55] , [56] . With a rising n 0 , the results show a decrease in the maximum value of the current density. The current density is the highest when the PSF effect is the strongest (n 0 = 5 × 10 18 cm −3 ). Obviously, current crowding will be weaker in cases where the PSF effect is less. Figure 3 shows the electron current density at the center of the LED chip on the y-z plane and the current density vector for the entire chip at various injection current densities of 5 A/cm 2 and 50 A/cm 2 for the case of n 0 = 5 × 10 18 cm −3 . With the rising of the injection current density, the maximum value of the increase in the current density is shown in Fig. 3 . There is a sharp difference in the magnitude of the current density in the region under the n-pad and in the outside region, when the injection current density increases.
The local electron and hole concentrations in the active layer are shown in Fig. 4 . From Fig. 2 , it can be clearly seen that the carrier flow from the n-pad to the p-pad and the current density distribution are quite non-uniform on the y-z plane. The carrier density distributions at the active layer are affected by the current crowding effect. When the average injection current density is 200 A/cm 2 , the distributions of the electron and hole densities in the active layer are quite non-uniform, as shown in Figs. 4(a) and (b) , respectively. There is carrier density crowding at the center region under the n-pad. The reason is that the carrier current prefers flowing through the lowest path of resistance between the n-and p-pads [13] .
The lumped carrier density is defined as the average carrier density in the active layer volume. The lumped carrier density in the active layer versus the average injection current density is shown in Fig. 5(a) . The hole densities are higher than the electron densities at low injection levels due to the higher doping profile of the p-GaN layer compared to the n-GaN layer, since the carrier currents through the active layer are mainly driven by the diffusion process. With the higher doping profile of the p-GaN layer compared to the n-GaN layer, more holes are moved to the active layer by the diffusion process in this regime. After 0.01 A/cm 2 , the electron densities in the active layer are higher than the hole densities, because the carrier current is dominated by the drift process. More electrons are shifted into the active layer by increasing the electric field to become the major carriers in the active layer. The carrier densities of both electrons and holes are not affected by the PSF effect before 1 A/cm 2 . After that, the results show a decrease in the value of the carrier density when n 0 increases from 5 × 10 18 cm −3 to 5 × 10 19 cm −3 . The SRH carrier lifetime, radiative and Auger coefficients are determined by Eqs. (7), (10), (12) and (13), respectively. The lumped recombination coefficients in the active layer versus the average injection current density are shown in Fig. 5(b) , (c) and (d), respectively, and are defined as the average recombination coefficients in the active layer. The lumped SRH carrier lifetime is quite small when the average injection current density is low, as shown in Fig. 5(b) . When the average injection current density gets larger, there is a sharp increase. At higher injection levels, the lumped SRH carrier lifetime arrives at a maximum and then decreases as the average injection current density increases. The lumped SRH carrier lifetime rises as the carrier densities increase at a low excitation level, and decreases at a higher one, as confirmed by experimental measurements [30] . The carrier lifetime is shorter when the PSF effect is weaker. Therefore, the lumped carrier density is higher in the structure with the stronger PSF effect, as shown in Fig. 5(a) , because it takes much less time for the carriers to decay.
The lumped radiative and Auger coefficients shown in Figs. 5(c) and (d), respectively, decrease with increasing n 0 . As the average injection current density rises, there is a rapid reduction in the lumped radiative coefficient. This is consistent with previous theoretical calculations [41] and experimental measurements [19] , [24] . Obviously, there will be a significant decrease in the radiative coefficient in cases where the PSF effect is stronger. The tendency of the average Auger recombination coefficient is similar to that of the average radiative recombination coefficient, for both electron and hole Auger coefficients. At higher injection levels, the Auger coefficient of the electrons decreases more quickly compared to that of the holes, because the electron density increases faster than the hole density, as shown in Fig. 5(a) .
Based on the results of the lumped carrier density and the lumped recombination coefficients shown in Fig. 6 , the lumped recombination current density of the recombination processes can be calculated. For n 0 = 5 × 10 18 cm −3 , the lumped recombination current densities for various average injection current densities are shown in Fig. 6(a) . As the average injection current density increases, the lumped recombination current densities for the radiative and non-radiative recombination processes increase due to the increase in the lumped carrier density (Fig. 5(a) ). The SRH recombination process is clearly dominant before 0.1 A/cm 2 . From 0.1 A/cm 2 to 40 A/cm 2 , the main contributor to the total recombination process is radiative recombination, with the Auger recombination rate and carrier leakage increasing very quickly. It should be noticed that the lumped direct carrier leakage is dominated by Auger carrier leakage at the active layer rather than electron leakage by thermionic emission at the EBL. The reason for the low electron leakage at the EBL is the high p-doping profile of the LED device examined in this study. After 4 A/cm 2 , the lumped Auger recombination and carrier leakage become larger than the lumped SRH recombination. The magnitude of the lumped direct carrier leakage is higher than the lumped SRH recombination at 10 A/cm 2 and becomes the dominant contributor to the total process after 50 A/cm 2 . At a high injection current density, fast increases of non-radiative recombination processes are observed, while the radiative recombination process slowly increases and saturates. This is indicative of the efficiency droop in LEDs related to non-radiative recombination processes. Although the direct carrier leakage and Auger recombination become the main contributors to the total recombination process at a high injection current density, the average SRH recombination rate still keeps increasing and continues to contribute to the total recombination rate under high injection levels, which is consistent with the predictions in past studies [23] , [33] .
We investigate the influence of the PSF effect on the recombination processes. The lumped recombination current densities for different average injection current densities, with various n 0 , are shown in Figs. 6(b) and (c) . The effect of the PSF on the lumped SRH and radiative recombination current densities is small at low injection levels. The PSF effect has a strong impact on the nonradiative and radiative recombination rates at high injection levels. The lumped recombination current densities for different average injection current densities are plotted in a logarithmic scale. The magnitude of the radiative recombination rate is larger than the magnitude of the SRH rate at a high injection level. It is clear that impact of the PSF effect on the radiative recombination rate is larger than the SRH effect in this regime because radiative recombination has a higher order dependence on the carrier density than on the SRH recombination. The carrier density is significantly affected by the PSF effect at a high injection level, as shown in Fig. 5(a) . The stronger PSF effect leads to a higher non-radiative recombination rate and lower radiative recombination rate at higher injection levels. The lumped SRH recombination rate is higher in the case with a stronger PSF effect due to the higher lumped carrier concentration, as shown in Fig. 5(a) , while the SRH carrier lifetime is smaller, as shown in Fig. 5(b) . The stronger PSF effect may be due to the impurity concentration [28] , threading dislocation density, or defect states at the barriers [22] leading to the smaller SRH carrier lifetime. The lumped radiative recombination rate is higher in magnitude in the case with a weaker PSF effect than that with a stronger PSF effect at high injection levels, as shown in Fig. 6(b) . Fig. 6(b) shows that the radiative recombination tends to become saturated at high injection levels and the injection current needed to reach the point of saturation is smaller when the PSF effect is stronger. This means that recombination saturation is induced by the PSF effect, which is consistent with the results found in previous studies [20] , [24] . The lumped Auger recombination rate and direct carrier leakage are higher in magnitude with a stronger PSF effect, as shown in Fig. 6(c) , than for a weaker one at high injection levels due to the higher lumped carrier concentration, as shown in Fig. 5(a) .
The distribution of local radiative recombination at the active layer is shown in Fig. 7 for the various average injection current densities and n 0 . It is quite non-uniform at all injection levels. The local radiative recombination distribution is crowded near and under the n-pad due to the effect of current crowding, and it increases in magnitude as the average injection current density rises. The region under the n-pad always has the highest value of radiative recombination as shown in Fig. 7 . The distribution of the local radiative recombination is non-circular near the edges due to the limited length of current spreading and the boundary effect of the square shape of the chip. When the average injection current density is 0.01 A/cm 2 , the area of the higher radiative recombination is concentrated in the region under the n-pad. Since the PSF effect is not significant at small injection currents ( Fig. 5(a) and Fig. 6(b) , there is little difference between the maximum and minimum values of radiative recombination at this injection level and the distributions of the radiative recombination in the active layer for different n 0 are quite similar, as shown in Figs. 7(a) , (d) and (g). At 5 A/cm 2 , a higher radiative recombination appears in the region under the n-pad with the highest magnitude located at the center. When the average current density is 200 A/cm 2 , a large number of carriers accumulate inside the active layer. Higher radiative recombination also occurs in the region under the n-pad, with the highest magnitude located at the center, as expected from the distribution of the carrier densities (see Fig. 4 ). The crowding is very severe in comparison with the 0.01 A/cm 2 case. Although the carrier density in the case with a weaker PSF effect is lower, as shown in Fig. 5(a) , the local radiative distribution in the active layer is always higher when the PSF effect is weaker, as shown in Fig. 7 . The reason is that a higher carrier density leads to higher non-radiative recombination in the case with a stronger PSF. Moreover, the radiative recombination rate is higher for a weaker PSF effect and it reaches saturation later than the case with a stronger PSF effect, as shown in Fig. 6(b) .
The local IQE at the active layer is shown in Fig. 8 for the various average injection current densities and n 0 . The distribution is non-uniform. The distribution of the local IQE is non-circular near the edges that can be expected from the radiative recombination distribution as shown in Fig. 7 . At 0.01 A/cm 2 , a higher local IQE appears in the region under the n-pad, with the highest magnitude located at the center. This can be expected from the radiative recombination distribution (see Fig. 7 ). The local IQEs at this injection level are similar for different n 0 . When the average injection current density is 5 A/cm 2 , the highest magnitude of local IQE occurs near the edge of the n-pad instead of in the center region. This is due to the increase in the non-radiative recombination which leads to a reduction of the local IQE in the center region. At 200 A/cm 2 , a heavier inversion of the local IQE occurs. The maximum IQE appears near the edge of the n-pad, while the minimum IQE is located at the center. The difference between the maximum and minimum value of the local IQE distribution at this injection level gets larger when the PSF effect is stronger. When the PSF effect is weaker, the distribution is better. The inversion of the local IQE can be explained by the slower rise of the radiative recombination current and the faster increase of the average Auger recombination and leakage current at higher injection levels, as shown in Fig. 6 . The region under the n-pad always has the highest value of radiative recombination, as shown in Fig. 7 , at any injection current level. However, this does not mean that the local IQE in this region always has the highest value. The value of the local IQE depends on the contributions of the different loss mechanisms and the distribution of the carrier density. Fig. 9 . Lumped IQE versus average injection current density A/cm 2 with various n 0 . Figure 9 shows the lumped IQE versus the average injection current density A/cm 2 with various n 0 . The efficiency droop can be observed clearly in Fig. 9 . As the average injection current density increases, the lumped IQE rises quickly and then drops significantly after reaching the peak value. The peak value is higher when the PSF effect is stronger and the corresponding injection current density is lower. This can be expected due to the higher magnitude of the lumped carrier density in Fig. 5(a) . After the IQE reaches its peak value, the radiative recombination current increases slowly and becomes saturated at higher injection levels, while Auger recombination and direct carrier leakage keep increasing until they begin to dominate in the total recombination process, as shown in Fig. 6 . The SRH recombination also contributes to the total recombination process at this injection level, as shown in Figs. 6(a) and (b) . Therefore, the saturation of the radiative recombination and the increase of the non-radiative recombination rate at high injection levels are the reasons for the efficiency droop in LEDs. The results in Fig. 9 show that, at high injection levels, the efficiency droop is more significant with stronger PSF. This is due to the lower radiative recombination rate and higher SRH recombination, Auger recombination and leakage current, as shown in Figs. 6(b) and (c). The results for the case where n 0 = 1 × 10 19 cm −3 agree well with the experimental measurements [37] . It is obvious that, in the case with stronger PSF, the average IQE decreases more quickly to nearly zero at very high injection levels. Figure 10 shows the computed current-voltage characteristics. The current-voltage characteristics for the case where n 0 = 5 × 10 18 cm −3 are plotted using both logarithmic and linear scales, while the other ones are plotted only in a linear scale. The current is the result of the voltage drop per the series resistance of all layers in the LED chip. The LED turns on at around 2.9 V and then the voltage drop increases significantly as the injection current increases. The increase in the injection current increases the carrier density and conductivity in the active region. It is found that high injection occurs in the active layer around 3.1 V, where the ideality factor changes from one to two. The I-V curves for different n 0 are similar before 3.1 V as is expected from the similar carrier densities (see Fig. 5(a) ) and the recombination processes (see Fig. 6 ) at low injection levels. In the case with a stronger PSF effect, the LED turns on earlier and the injection current increases more quickly because of the shorter carrier lifetime, as shown in Fig. 5(b) and the higher carrier concentration, as shown in Fig. 5(a) . After 3.2 (V), the effect of the PSF on the I-V curve becomes more significant due to the strong recombination processes that occur inside the active layer. The I-V curves shift to the right for higher n 0 . This means that the electrical conductivity in the active layer decrease as the n 0 rises. The LED works at higher applied voltages for a weaker PSF effect. 
Conclusions
A 3D numerical simulation of carrier transport is conducted to analyze the influence of the PSF effect on the efficiency droop in an SWQ InGaN/GaN LED chip. This modeling process makes it easy to observe the local semiconductor characteristics such as the electron and hole concentrations, the electron current density, the radiative and non-radiative recombination processes, the local IQE and the lumped IQE. A modified formulation for the SRH and the radiative recombination coefficient based on the electron and hole densities and the PSF coefficient is proposed in this study. The behavior of the SRH carrier lifetime is also described with a modified empirical formulation of the SRH. The SRH carrier lifetime increases as the injection current density rises and then starts to drop at a higher injection current density. In the smaller injection current regime, the major contribution to the total recombination process changes from SRH recombination to radiative recombination as the injection current gets larger. On the other hand, the Auger recombination rate and carrier leakage increase quickly. In the higher injection current regime, Auger recombination and carrier leakage become dominant. The variation of the IQE with the injection current is strongly affected by the radiative and non-radiative recombination characteristics. The results show that current crowding always occurs in the region under the n-pad, which leads to non-uniformity in the distribution of the local IQE. The spatial resolution of the IQE in the region under the n-pad is higher in magnitude at a lower injection current density and lower in magnitude at a higher injection current density. The inversion of the local IQE in the region under the n-pad is due to current crowding, which causes the slower rise of the radiative recombination and the faster increase of the non-radiative recombination at higher injection levels. When the injection current becomes larger, the lumped IQE rises rapidly until reaching a maximum and then falls significantly. This is in a good agreement with the experimental measurements [37] . The key factor leading to the droop in the IQE is the faster increase in the Auger recombination and the leakage current that occurs at higher injection levels. The results show that the PSF effect has a strong impact on the IQE behavior of the LED at higher current injection levels. In cases with a stronger PSF effect, the peak value of the lumped IQE is higher in magnitude. The lumped IQE is higher with a weaker effect at higher injection levels. This stronger PSF effect enhances the efficiency droop due to the higher electron concentration and the shorter SRH carrier lifetime. This study shows that in the case where the PSF effect is weaker there is better efficiency at high injection levels, while the case where the stronger PSF effect is better at the injection level when the IQE reaches its peak value. It is obvious that some special design is needed for the shape of the n-pad or electron blocking layer (EBL) to reduce the electron current crowding in the region under the n-pad.
